Studies on the effects of off-road driving on soils were conducted in the Makuleke Contractual Park of the Kruger National Park. The studies were conducted on three different soils with different textures and soil compactibilities. Traffic pressure was applied with a game drive vehicle loaded with 10 sand bags, each weighing 70 kg, plus the driver. This gave a total vehicle mass of 3795 kg, simulating a vehicle fully laden with tourists. The results of the study reported here included comparing of the effects of four different tyre pressures on the root area distribution below each tyre pressure. At all sites, root density fractions under the tracks were reduced significantly at all tyre pressures, compared with the control values. Results indicated that root penetration percentage and root area distribution were reduced drastically as tyre pressure increased. Our work reaffirms previous research showing that higher tyre pressures cause higher sub-soil compaction than lower tyre pressures. Thus, driving with lower tyre pressures when driving off-road should be considered when developing management strategies for off-road driving in wildlife protected areas.
INTRODUCTION
As part of the South African National Parks (SANParks) commercialization process in the Kruger National Park (KNP), concession areas were set aside for the exclusive use of private operators (Nortjé, 2005) . The objective of the commercialization process is to broaden the tourism product of the KNP and, thereby, increase the revenue for the SANParks (Nortjé, 2005) .
Concession operators are allowed certain tourist-attracting activities, including off-road driving (ORD), aimed at bringing tourists in close contact with members of the 'Big Five'. The term 'Big Five' comes from hunting traditions and refers to five of Africa's greatest wild animals: lion (Panthera leo), leopard (Panthera pardus), elephant (Loxodonta africana), buffalo (Syncerus caffer ) and the two species of African rhinoceros, the black (Diceros bicornis) and the white rhinoceros (Ceratotherium simum). But such activities are often implemented without knowledge regarding the impacts of the activities on the environment or the soils (Nortjé et al., 2012; Nortjé, 2014) . Certain principles and guidelines were set for practising ORD in the concession areas, but some of these guidelines and principles have not been tested.
The problem is that these off-road vehicles have detrimental impacts on the soil and vegetation. Studies on the impacts of tourists' activities on wildlife in Africa have been conducted by, amongst others, Onyeanusi (1986) , Akama (1997 Akama ( , 1999 Akama ( ),et al. (2011 . In these studies, the relationship between root penetration and soil strength as an indicator of soil compaction has been investigated.
For plants to derive benefits from water and nutrients in soil, plant roots must be able to reach them. Therefore, compaction of soil which prevents root penetration or reduces root elongation rates may reduce plant development and yields, because water and nutrients beneath the restricting zone are unavailable to the plants (Unger & Kaspar, 1994; Bengough et al., 2011) .
The objectives of this study were 1) to determine the effects of vehicle traffic on root development by comparing the root area distribution below off-road tracks at each of the following tyre pressures, 80, 160, 240 and 320 kPa, with those outside the tracks (controls) and 2) to evaluate a photographic image analysis method for quantifying these relationships.
METHODS

Study area and trial sites
Field experiments were initiated during March 2010 at three different sites in the Makuleke Contractual Park (MCP), in northern KNP, South Africa (Nortjé, 2014) . The MCP is situated between the Limpopo and Luvuvhu Rivers (Fig. 1 ). This 24000-ha area is recognized as one of the most diverse and scenically attractive areas in the KNP and is called either the Pafuri triangle or the Makuleke Concession, because it is the ancestral home of the Makuleke people (Pafuri Factsheet, 2011) .
The Makuleke area is the meeting point of a multitude of habitats, resulting in a region of incredibly rich biodiversity. The reasonably low annual rainfall of between 375-400 mm per year belies the fertility of the area which is by far the most diverse within the KNP, with more than 70% of the Park's bird, mammal, fish, amphibian, reptile and tree species being found here (Pafuri Factsheet, 2011) .The concession has mild winters from May to September with occasional chilly evenings; however, summers are generally very hot.
The area is also exceptionally scenic. From the pans and floodplains of the Limpopo and Luvuvhu Rivers to the cool riverine forests along their banks, there are rugged kopjes covered in mopane (Colophospermum mopane), giant baobabs (Adansonia digitata) and charismatic commiphoras (Commiphora africana), gorges carved from ancient rock, acacia-shaded savanna and the renowned fever tree (Acacia xanthophloea) forests. Many tree species reach the southern most extremity of their ranges here. The MCP part of the Pafuri Land System which consists of five landscapes (Gertenbach 1983 The trial sites were chosen by identifying the areas in which ORD occurred most (more than 90% of ORD incidents) and selecting a representative site in each of these (Fig. 2) . This was conducted by analysing off-road data from previous animal sightings, for which ORD was approved. These sites were selected after one year of practising ORD in the area. They were also selected to represent the most important soil types in the specific areas.The three trial sites were Camp Site (Site 1), River Site (Site 2), and LW (Levuvhu West) Site (Site 3).
Simulating ORD
The vehicle used to simulate ORD situations was a typical game drive vehicle with a roof rack, having a vehicle mass of 3025 kg. It was loaded with 10 sand bags averaging 70 kg per bag, representing the maximum number of passengers, plus the driver/guide. Thus, the total mass came to 3795 kg. The vehicle had 190 mm wide tyres and these tyres were all inflated to either 320, 240, 160 or 80 kPa during testing. Game drive vehicles typically operate at a tyre pressure of 240 kPa. The vehicle was driven across each trial site at a steady speed of between 10 and 15 km/h to produce sets of tracks which consisted of one, two and three vehicle passes. These passes were done for all tyre inflation pressures and were 10 m in distance. A diagrammatic representation of the trial layout is shown in Fig. 3 . For each tyre pressure, the first pass of the vehicle was in the direction of the arrow. The second pass was in reverse, and the third pass again in the direction of the arrow.
Measurement of soil moisture content
The compaction trials were conducted for dry conditions during a low-rainfall period in March 2010. Gravimetric soil water content was deter- mined by taking representative (400-450 g) soil samples at different depths (0-20, 20-40 and 40-60 cm) before each experiment commenced. This was conducted early in the morning between 06:00 and 06:30 for all three trials for consistency. The soil samples were weighed on an electronic scale and then microwave dried for up to 10 min whilst weighing at 1 min intervals until a constant mass was obtained. We calculated soil water content values as a mass percentage per mass oven-dried soil, i.e. m w × 100)/m s (Table1).
Field-determined field capacity, or the 'drained upper limit' (DUL), was used as the upper limit of water held by the soil (see Cassel et al., 1983; Annandale et al., 2011) . Soil water content at field capacity for the study site was thus determined by initially wetting the soil to saturation and allowing the water to drain to a constant mass (negligible drainage rate).
Quantifying root density distribution
The method followed was a combination of the Profile Wall Method (Bohm,1979) and the Photographic Image Analysis by making use of ImageJ Software (Rasband, 2011; Bekker, 2007; Schneider et al., 2012; Plaza-Bonilla et al., 2012) . These analyses were preferred to other methods that are often indicated in literature as being tedious and time-consuming.
Root density distribution determinations were done in the beginning of December 2010, 8.5 months after the ORD simulations were conducted in dry soil conditions. This was done to allow sufficient grass recovery for root density determination. In total, 218.2 mm of rain was measured between the ORD simulations in March 2010 and the root density distribution determinations. Soil profiles were excavated under each vehicle track representing tyre pressures of 80, 160, 240 or 320 kPa and at the control positions. Root density distribution was assessed for the grass species growing at the study sites three times for each treatment.
According to Bohm (1979) , it is only necessary to remove a layer of soil c.1 cm thick from the profile wall to expose the roots after excavation. For plants with fibrous root systems, a square of 5 × 5 cm has proven satisfactory for studying grass root density distribution. The size of the grid (profile) in this study was 430 (depth) × 330 mm (horizontal), 4.23 times smaller than the 1000 × 600 mm proposed by Bohm (1979) . This was sufficient as it covered at least 150 mm on either side of the tyre tracks and included most grass roots. In addition, the grass roots were also limited to depths of less than 430 mm in this study.
A digital photograph of the exposed roots was taken at a set distance of 500 mm from each soil profile with a Canon 350D digital camera (8 megapixel, 18-55 mm lens). Photographs were analysed using the computer software ImageJ 1.33u (Rasband, 2011) . The photographs were converted from a RGB colour type photograph to an 8-bit image. A threshold (upper threshold 255, lower threshold level 170-195) was assigned to the foreground colour (the yellow/white grass roots) and the remaining pixels to the background colour (soil surface), where after the photographs were converted to a black and white picture. Pixels not related to roots, including leaf material, rope, grid wire and grass litter (background noise) in the photographs were deleted from the pictures. The pictures were then computer analysed, and area fraction determined and recorded as a percentage root density (Bekker, 2007) .
Characteristics and properties of soils
Camp Site (Site 1) and Levuvhu West (LW) Site (Site 3) are on soils of the Oakleaf form, and River Site (Site 2) on a soil of the Dundee form according to the South African soil classification system (Soil Classification Working Group, 1991) . The Oakleaf soils are classified as Cambisols according to (Nortjé et al., 2012) . There is a clay increase from the topsoil to the weakly structured subsoil. The soil of Site 2 with alluvial stratifications is on the lowest terrace next to the river, presently being affected by sediment deposition. There were important differences between the three soils regarding their chemical and physical characteristics (Nortjé et al., 2012) . Particle size distribution (soil texture) was determined with a combination of sieve and pipette methods (AgriLASA, 1990; Jackson, 1958) . The sand was fractioned by dry sieving, and the clay and silt fractions were determined by the pipette method. Compactibility was determined with the use of the soil compactibility diagram developed by van der Watt (1969) ( Table 2) .
From the multisieve analyses, the degree of sorting of the sand fraction was determined, since this has effects on soil physical conditions (Table 3) and phi-value curves were constructed (Fig.4) .
Clay mineralogy
Since several South African and other studies have shown the large influence of the mineralogical composition of the clay fraction of soils on soil physical conditions (e.g. Stern, 1990; Bloem, 1992) , clay mineralogical analyses were done on the soils (Table 4 ). The analyses were done at the ARC-ISCW in Pretoria according to the X-ray diffraction method described by Bühmann et al. (1996) , using a Philips diffractometer and graphite monochromated Co K" radiation, generated at 40 mA and 45 kV. Specimens were scanned from 2 to 35 o 2q.
Soil chemical properties
The methodologies applied for the determination of the soil chemical properties were (AgriLASA, 1990; Jackson, 1958 
Statistical analyses
One-way analysis of variance (ANOVA) (SPSS V.19.0 ® ) was performed for each of the three sites, to compare the average root area fractions across the five (including the control) different tyre pressures. Pairwise comparisons, least significant differences (LSD), were performed post hoc to determine between which tyre pressures the statistically significant differences occurred.
Two-way analysis of variance (ANOVA) (SPSS V.19.0 ® ), without interactions and post hoc pairwise comparisons were performed to compare the mean root densities across the three sites and five tyre pressures. The level of significance was a = 0.05.
RESULTS
The average gravimetric soil water content values at the trial sites decreased with soil depth. There were also differences in the average soil water content between the trial sites, with the LW site with a higher water content, followed by the Camp site and the River site. However, more important for the purpose of this study is the average soil water content at field capacity (standard reference water content). The average soil water content at field capacity was highest at the the LW site, followed by the Camp site and the River site ( Table 1) .
The particle-size distribution of the three trial sites differ substantially in respect to clay and silt contents, which may effect soil compaction (Table 2) . Sites 1 and 3 were similar with regard to clay content (top-and subsoil), and increases in clay content from topsoil to subsoil. The soils at the three sites differ significantly in regard to their fine sand content, with Site 1 much lower fine sand content than Site 3. Site 2 in contrast to Sites 1 and 3 is classified as sandy.
The degree of sorting of the sand fraction in the soils is also an important factor to consider with regards to susceptibility to compaction (Table 3 ; Fig. 4) . At Site 1 sorting of the sand fraction of both the topsoil and subsoil is poor. At Site 3 sorting is moderateley well, as indicated by sharp increases in cumulative curves between phi values of 2.5 and 3.8. At Site 2 the topsoil (2T) is moderately sorted and the subsoil (2S) moderately well. The soils at Sites 1 and 3 are characterized by dominant quantities of kaolinite as well as significant quantities of smectite. This combination of kaolinite and smectite makes these soils highly prone to disaggregation and compaction (Stern, 1990) (Table 4) . The soils at Sites 1 and 2 also have significant quantities of quartz in their clay fractions, which make them extremely prone to diaggregation and subsoil compaction (Laker, 2004) .
All soils in this study have low organic matter contents (Table 5) , which would increase their vulnerability to disaggregation and compaction (Nortjé et al., 2012) . Relatively high exchangeable sodium contents or lopsided Mg:Ca ratios would also increase the vulnerability of soils to disaggregation (Bloem & Laker, 1994) , but these are not problems in the soils of the present study (Table 5) .
Root densities
The results of the one-way ANOVA performed for each one of the trial sites (Sites 1, 2 and 3) indicated that at Site 1 the mean root density fractions differed significantly across at least two tyre pressures (F (4,10) = 465.27, P < 0.0001). Similar results were obtained for the mean root density fractions across tyre pressure at Site 2 (F (4,10) = 307.23, P < 0.0001) as well as at Site 3 (F (4,10) = 434.94, P < 0.0001).
In Table 6 , the mean root densities per site are given and the results from the post hoc comparisons of the one-way ANOVA across tyre pressure are represented in the superscripts by letters of the alphabet. There is a clear trend of decreasing root density fractions at all three trial sites as tyre pressure increases in the order 80, 160, 240 and 320 kPa.
At Site 1 the mean root density fractions at all four tyre pressures (80, 160, 240 and 320 kPa) differed significantly from the mean root density fractions at control level. Although the mean root density fractions differed significantly across 80 and 240 kPa, and also across 80 and 320 kPa, the mean density fractions did not differ significantly between 240 and 320 kPa. A significant difference was also observed between 160 and 320 kPa. Site 2 presents a different picture: The mean root density fractions at control level did not differ significantly from the man density fraction at 80 kPa, but was significantly different from the mean density fractions at 160, 240 and 320 kPa. Lastly, there was no significant difference between any two mean density fractions at 80, 160, 240 and 320 kPa.
The mean root density fractions at Site 3 did not differ significantly across control, 80, 160 and 240 kPa. However, the mean density fractions at these tyre pressures all differed significantly from the mean density fractions at 320 kPa.
Descriptive statistics for the root density fractions in the top 430 mm soil layer for sites 1, 2 and 3, in the Kruger National Park, South Africa, appear in Table 7 .
The two-way ANOVA performed indicated that the mean root density fractions, as indicators of root development, differed significantly across at least two treatments (control and four tyre pressures) and/or sites (Sites 1, 2 and 3) where driving was done on dry soil at the 5% level of significance (F (6,7) = 32.67, P < 0.0001 for the corrected model; F (2,11) = 18.77, P <0.0001 for the Site factor and F (4,9) = 39.62, P < 0.0001 for the factor Tyre pressure).
Post hoc pairwise comparisons showed that the mean root density fractions differed significantly at the 5% level across all three sites (P-value = 0.001 for Sites 1 and 2; P-value < 0.0001 for Sites 1 and 3 and P-value = 0.013 for Sites 2 and 3. The mean root density fractions differed significantly across all the tyre pressures with the exception of 80 and 160 kPa (P-value = 0.774) and 240 and 320 kPa (P-value = 0.800).
Since the two-way ANOVA indicated that there were significant differences in the mean root density fractions across site and tyre pressure, one-way ANOVAs were performed to compare the mean root density fractions across tyre pressure per site.
Site 1
As can be seen in Table 7 , the root fraction percentage in the control was much (4.0 to 14.6 times) higher than under the wheel tracks at all tyre pressures used. The differences between the control and the four tyre pressures were significant (P-value <0.000015). Mean root fraction percentages under the wheel tracks differed significantly across all tyre pressures (P-value < 0.000015), except between 80 and 160 kPa (P-value = 0.406); 160 and 240 kPa (P-value = 0.369) and 240 and 320 kPa (P-value = 0.277). The mean root fractions decreased in the order 80 kPa > 160 kPa > 240 kPa > 320 kPa (Figs 5 and 6).
Site 2
There was a more gradual decreasing trend in mean root density fraction as the tyre pressure increased at Site 2 (Figs 7 and 8 ). The differences between the control and the four tyre pressures were significant (P-value < 0.0001, except between control and 80 kPa and 240 kPa (P-value = 0.017) and 320 kPa (P-value= 0.002). The mean root density fraction for the control was similar to that for Site 1. The mean values at 80 and 160 kPa tyre pressures were much higher than that of Site 1. The differences between 80 kPa and 160 kPa and between 160 kPa and 240 kPa (and 320 kPa) were significant. The sizes of the root density fractions for the different tyre pressures were 80 kPa > 160 kPa > 320 kPa > 240 kPa (note the reverse order of the latter two). The decrease between the control and 80 kPa was more gradual compared with Site 1.
Site 3
There was a gradual decreasing trend between root density fraction and tyre pressure at Site 3, which was similar to Site 2 (Figs 9 and 10 ). The differences in root fraction between the control and all four tyre pressure treatments were significant (P-value < 0.0001) ( Table 7 ). The mean root density fractions between the four tyre pressures differed significantly across all tyre pressures (P-value < 0.0001, except between 80 and 160 kPa where the P-value was 0.001). There was no significant difference in the mean root density fractions of 240 and 320 kPa (P-value = 1.000). The sizes of the mean root density fractions for the different tyre pressures were in the order 160 kPa > 80 kPa > 240 kPa = 320 kPa. For this type, the root density fractions for the control and at 160 kPa tyre pressure were higher than those for the controls of Sites 1 and 3. The value for 80 kPa tyre pressure was similar to those for the controls for Sites 1 and 2 and the 80 kPa value of Site 2. In contrast to the relatively high root density fractions at the two low tyre pressures, the values at the two high tyre pressures were very low, like for the two other soils. 
DISCUSSION
Compactibility of the soils
The Oakleaf soils at Sites 1 and 3 are similar in regard to clay content (including similar topsoil clay contents, similar subsoil clay contents, and similar increases in clay content from topsoil to subsoil), and silt content (being high relative to the values for most South African soils, but common for Oakleaf soils).
Particle size distribution or soil texture is closely related to bulk density and is an important indicator of a soil's susceptibility to compaction (Reed, 1983) . Van der Watt (1969) found in a study of a group of soils that of various factors which may influence soil compactibility, particle-size distribution was the most important. The particle size distribution of the three trial sites differed substantially in respect to aspects that may affect soil compaction (Table 2) .
These soils differ substantially in regard to their fine sand content, a very important factor regarding susceptibility to soil compaction (Laker, 2001; Bennie & Burger, 1988) . The soil at Site 1, especially the topsoil (1T), had a much lower fine sand (<100 µm) content (26.7 and 29.7% for top-(1T) and subsoil (1S), respectively) than that for top-(3T) and subsoil (3S) at Site 3 (49.8 and 38.4%, respectively). This means that the fine sand plus silt content of the soil at Site 1 was more than 60% and at Site 3 more than 70%, with the topsoil nearly 80%. Serious compaction is normally expected in soils with more than 50% fine sand plus silt, especially if silt is more than 20%, and less than 35% clay (Laker, 2001) . Expressed as a fraction of the sand content of the soils, the fine sand proportions were about 60% for the topsoil at Site 1 and 82% for the subsoil, compared with more than 95% for both the top-and subsoils at Site 3.
In contrast to the others, the soil at Site 2 was a sandy soil. The subsoil (2S), with only 2% clay and 3% silt, was classified as having pure sand texture. The sand fraction was also much coarser than at the other two sites, being dominated by medium sand and with relatively little fine sand.
The degree of sorting of the sand fraction of a soil is also a factor to consider. At Site 1 sorting in the sand fraction of both the topsoil and subsoil was poor, but close to moderate due to fairly sharp increases in parts of the cumulative phi value curves (Table 3 and Fig. 4) . At Site 3, sorting was moderately well, as indicated by sharp increases in cumulative curves between phi values of 2.5 and 3.8. At Site 2 the topsoil (2T) was very close to moderately sorted and the subsoil moderately well. Henning et al. (1986) found that soils with moderately sorted sand fractions are more prone to soil compaction than soils with poorly sorted sand fractions. Moolman & Weber (1978) found extreme compaction of well-sorted fine sandy soils in the southwestern Cape of South Africa. They did not expect such well-sorted soil to be prone to compaction, but it nonetheless happenned. They expected that a well-graded soil, with a good mixture of different particle sizes would be a prerequisite for severe compaction. Bennie & Burger (1988) described the majority of soils that are susceptible to compaction at Vaalharts according to the following words: '...characterised by a high fine sand fraction, low clay and organic matter content, single grain to weakly massive structure and particle size with good sorting'. Thus, sorting of their sand fractions could contribute to making the soils at the trial sites more vulnerable to compaction, although it is evident that sorting alone does not give complete explanation for the vulnerability of soils to compaction.
Clay mineralogy plays an important role in determining the susceptibility of soil to disaggregation of aggregates, and thus also in its vulnerability to crusting and erosion (Stern, 1990; Bloem, 1992; Bühmann et al., 1996; Rapp, 1998) . This would also be the case with vulnerability to compaction. Usually soils with clay fractions dominated by smectite are considered the most vulnerable to dispersion and disaggregation, while those dominated by kaolinite are considered to be quite stable (Rapp, 1998) . However, in South African studies, it has been found that soils in which kaolinite is dominant, but occurs in combination with significant amounts of smectite, are very vulnerable to disaggregation (Stern, 1990; Bloem & Laker, 1994) (Table 4) . On this evidence, the Oakleaf soils of Sites 1 and 3 should be highly prone to disaggregation and compaction (Table 3) . It has been found that soils with high quartz contents in their clay fractions are found widespread in South Africa (Laker, 2004) . In addition, soils with high quartz contents in their clay fractions are extremely prone to disaggregation, crusting and erosion (Bühmann et al., 1996) and also to sub-surface compaction (Moolman & Weber, 1978) . This would then be an important factor at especially Sites 1 and 2.
It would thus seem that a combination of unfavourable particle size distribution and clay mineral-ogical composition of the soils in the study could be key factors aggravating their potential vulnerability to both crusting and subsurface compaction.
Effects of ORD on root density fractions
For all three soils, the root density fractions for the controls were significantly higher than under the tracks of all four tyre pressures (Table 7) . At Site 1 the difference between the control and under the tracks was significant for all tyre pressures. At Sites 2 and 3, which had some vegetative cover, the effects at the two lower tyre pressures were not as damaging as at Site 1. At all three sites the two higher tyre pressures had very serious negative impacts on the root density fractions, irrespective of vegetative cover at the time of driving. These include the tyre pressure at which game drive vehicles normally operate (approximately 240 kPa). This correlates very well with the findings in another part of this study, which indicated that the amount of soil compaction increased with increased tyre pressure (Nortjé, 2014) .
The mean root densities differed significantly across all three sites and some of the tyre pressures (Table 6 ). These results indicated that there were also differences between the root density fractions at specific tyre pressures, between sites.
As tyre pressure increased, the rooting depth decreased. This is shown for all three sites in the profile photographs (Figs 6, 8 and 10) , where most roots were limited to the top part of the soil profiles, most notably at the higher tyre pressures at Site 3. This correlates well with the findings of Taylor et al. (1966) , Bennie (1972) , Burger et al. (1979) and . Taylor et al. (1966) reported a similar relationship between penetrometer soil strength and percentage of cotton taproots penetrating through cores of four soils. In a study by Greacen & Gerard (unpublished data reported in Greacen & Sands 1980) on the effects of soil strength on frequency of rooting of radiata pine (Pinus radiata), the authors also found a similar relationship as in our study. Taylor & Gardner (1963) showed a similar linear relationship as in Site 2 and 3, between root penetration and soil strength in a study of cotton seedling tap root penetration as influenced by soil water, bulk density and soil strength.
Although above-ground vegetative cover was not quantified at the sites, observations indicated good relationships between root development, soil texture and above-ground vegetative cover. Soil crusting and sub-soil compaction was much more severe at site 2, than at sites 1 and 3 (Nortjé et al., 2012) , and these impact differences are also reflected in the root density distributions (Figs 6, 8 and 10) . A shallower root system will make plants more vulnerable to drought, because utilization of water stored in the subsoil is very important to plants.
A very important finding of this study is that ORD has strong negative impacts on soil crusting, subsoil compaction and, consequently, root development or root density distribution. This negative impact was even during dry soil conditions. It is well known and literature shows that soils with higher water contents (especially those at just below field capacity) are much more susceptible to soil crusting and sub-soil compaction than soils with lower water contents (SASTA, 2001; Bennie, 1972; Henning et al., 1986; Nortjé et al., 2012) . Therefore it would be expected that if the root density study was done under wet conditions (higher soil water content), the impact on root density distribution would have been much worse.
CONCLUSION
Results indicated that root penetration, and therefore, root area distribution was reduced drastically as tyre pressure increased. This reaffirms previous research showing that higher tyre pressures cause higher sub-soil compaction than lower tyre pressures (SASTA, 2001 ). Driving at low tyre pressures should be stipulated as a prerequisite when off-road guidelines are developed. Crusting has serious long-lasting effects like inhibiting root growth (Laker & Vanassche, 2001 ), germination and seedling emergence, the latter especially of small-seeded plants like grasses, and thus waterand nutrient uptake.
Indications therefore, from this study are that the specific photographic method (ImageJ) evaluated during this study for quantifying the relationships between tyre pressure and root development, is suitable for studies on similar soil types and soil moisture regimes. It is a relatively quick method, accurate and very practical for use in protected areas.
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